Over the past few years, Magnetic Resonance Spectroscopy (MRS) has become a popular method to non-invasively study the relationship between in-vivo concentrations of neurotransmitters such as GABA and Glutamate and cognitive functions in the human brain.
to behavior have quantified these in rest only, thus assuming that MRS-measured GABA and Glutamate levels reflect stable individual 'trait' differences. Yet, other studies that have looked at differences in GABA and Glutamate concentrations as a function of experimental manipulation have found these concentrations may in fact not be so static but can change over relatively short time windows, e.g. as a function of time on task (Michels et al., 2012) or after learning (Floyer-Lea, Wylezinska, Kincses, & Matthews, 2006; Shibata et al., 2017) .
At present, it thus remains unclear to what extent MRS-measured neurotransmitter levels reflect stable and consistent, trait-like neurotransmitter concentrations, or in fact are sensitive to changes in metabolic activity as a function of task demand. However, this knowledge is important for our theoretical understanding of what it is that we measure with MRS ('trait' or 'state' concentrations) and hence has pivotal implications for the design of future studies that aim to experimentally manipulate neurotransmitter concentrations.
Moreover, it is still unclear whether neurotransmitter levels that are measured during performance of a task that activates the brain area of interest, are more indicative of performance than neurotransmitter levels measured at rest. Namely, similar to what has been observed with other neuroimaging methods such as EEG and fMRI, neurotransmitter activity investigated in an active state may in fact be a better predictor of behavior than the measures acquired at rest that we currently use in MRS research.
To address these outstanding issues, the current study investigated whether 3T-MRS GABA and Glutamate concentrations vary as a function of task demand, and if so, in which brain state (rest or on-task), these concentrations may best predict cognitive performance.
To this end, we scanned both a primary sensory (medial occipital cortex, OC) and higherorder cognitive brain region (left dorsolateral prefrontal cortex lDLPFC).
The OC, key for visual processing was scanned once at rest (eyes closed) and once while subjects watched a movie (on-task). The lDLPFC, which has consistently been shown to be active with temporarily holding and manipulating information in working memory (WM) (Owen, McMillan, Laird, & Bullmore, 2005) , was measured three times: at rest, during an easy WM task (letter 2-back), and during a challenging WM task (adaptive letter N-back).
In a separate behavioral session participants performed a visual discrimination task (with oblique grating patches) and two WM tasks (letter N-back updating and Sternberg task). This design critically permitted us to determine, first of all, if MRS-measured GABA and Glutamate levels reflect stable trait-like indicators of brain neurotransmitter concentrations or whether they are influenced by the cognitive state of the subject.
Secondly, it allowed us to examine, if concentrations fluctuate with state and task, which state may best predict individual differences in performance outside the scanner.
We expected to replicate previous findings which associated higher occipital GABA levels with better visual discrimination performance (Edden et al., 2009 ) and higher lateral prefrontal GABA levels with better WM performance (Yoon et al., 2016) . We expected no such correlations with Glutamate levels. Moreover, it has recently been proposed that not so much the concentration of each neurotransmitter individually, but the relative concentrations of GABA and Glutamate (i.e. the cortical excitation/inhibition balance) may provide a more accurate reflection of cortical functioning and hence be a better predictor of cognitive performance (Krause & Cohen Kadosh, 2014) . In line with this, we expect that combining information from both measures into Glutamate/GABA ratio's may better predict individual differences in performance than GABA levels only.
Methods

Participants
Thirty healthy volunteers (mean age: 21,2 years, SD: 2,5; all men) were recruited via the university subject pool and participated in return for a monetary reward or course credit. As cortical GABA concentrations have shown to vary with the menstrual cycle (De Bondt, De Belder, Vanhevel, Jacquemyn, & Parizel, 2015; Harada, Kubo, Nose, Nishitani, & Matsuda, 2011) , only male participants were included. Subjects gave written informed consent before the experiment and the experiment was approved by the University of Amsterdam ethical committee. All reported no history of psychiatric conditions, complied to the rules for MRI safety, and had normal or corrected-to-normal vision.
Procedure
Subjects came to the lab for two sessions (see Figure 1A) , a behavioral and an MRS session, planned at the same time of day with maximally 11 days (mean: 4,2 StD: 3,2) in between. In the first behavioral session, they were seated in a comfortable chair in front of a computer screen (at approximately 90 cm distance) and performed three WM tasks and a visual discrimination task. Order of the tasks was counter-balanced across subjects, and they first practiced each task before data collection started. At the end of the behavioral session, subjects also performed an attentional blink task, but these data were not analyzed for the current paper.
The visual discrimination task was an orientation task with oblique gratings, similar to the one used by Edden et al. (2009) , as described in more detail below. WM performance was measured with two versions of the letter N-back task; one with level N fixed (WM updating accuracy) and one with level N adapted to performance (WM updating capacity). Also, to be able to examine the extent to which metabolite levels in lDLPFC could predict WM performance in a more generalized manner (i.e., on a different WM task than administered during scanning), we furthermore administered a Sternberg task to determine WM maintenance more specifically. Importantly, the Sternberg task has consistently been related to functioning in the lDLPFC in particular, both in functional neuroimaging (Altamura et al., 2007) and non-invasive brain stimulation (Jansma et al., 2013) studies. All three WM tasks are described in more detail below.
In the second MRS session, five MRS scans and an anatomical scan were acquired. In two of the MRS scans, the voxel was placed over the medial occipital cortex (OC) (primary visual cortex, see figure 1B ) and in the other three over the left dorsolateral prefrontal cortex lDLPFC (see figure 1C ). The OC voxel was scanned twice, once when subjects had their eyes closed (rest condition) and once when they watched a movie (active condition).
The lDLPFC voxel was scanned three times: once when subjects had their eyes closed (rest condition), and once while they performed an easy (letter 2-back) and once a challenging (adaptive letter N-back) WM task (see for more info about the task below). By manipulating WM task difficulty for the lDLPFC voxel, we aimed to also investigate possible differences in neurotransmitter levels depending on the extent of cortical engagement. To prevent carryover effects of task activity in the MRS signal between the different activity states, the lDLPFC and occipital voxels were scanned in an interleaved manner. Also, order of the tasks (and thus activity states) was counter-balanced across subjects. Due to a shortage of time, for one subject, the lDLPFC rest condition scan could not be acquired. (Edden et al. 2014, www.gabamrs.com 
MRS data acquisition and analysis
Scanning was performed on a 3T Philips Achieva TX MRI scanner (Philips Healthcare)
with an eight-channel head coil. Spectroscopy voxel localization was performed by the experimenter according to the individual's anatomical landmarks as visible from an initial anatomical scan. The occipital voxel (30 x 25 x 20 mm) was placed bilaterally over the calcarine sulcus (see Figure 1B ) (cf. van Loon et al., 2013) . For the left dorsolateral prefrontal cortex lDLPFC voxel, the center of the voxel (30 × 20 × 25 mm) was placed on the left middle frontal gyrus, with the posterior border of the voxel positioned anterior to the precentral sulcus (see Figure 1C ). Both voxels were placed with care to exclude cerebral spinal fluid (CSF) from the ventricles or the cortical surface.
Edited 1 H J-difference spectra were acquired for each voxel using a GABA-specific sequence of the Mescher-Garwood point-resolved spectroscopy (MEGA-PRESS) method (Waddell, Avison, Joers, & Gore, 2007) . Scanning took approximately 12 minutes per acquisition, during which 384 transients were collected (TE = 73 ms; TR = 2,000 ms). On the odd transients, a 15,64 ms sinc-center editing pulse (64 Hz full width at half maximum) was applied in an interleaved manner at 1,9 ppm and 4,6 ppm to excite GABA and suppress water respectively.
Spectral data were analyzed with the MATLAB-based package GANNET v2.1 (Edden et al. 2014, www.gabamrs.com) . Using the in-build options of the GannetLoad-function, the following processing steps were performed: time-domain frequency-and-phase correction using spectral correction, line broadening with an exponential apodization function, Fast
Fourier Transform (FFT), time averaging, frequency and phase correction based upon fitting of the Choline and Creatine signals, pairwise rejection of the data for which fitting parameters are greater than 3 SDs from the mean, and finally, subtraction of the even from the odd transients to generate the edited difference spectrum. Notably, in this edited difference spectrum, the GABA signal is contaminated by the macromolecule homocarnosine (Edden, Puts, & Barker, 2012) , a GABA derivative, and thus often referred to as GABA+. Also, as the spectra of Glutamate and Glutamine are known to overlap at 3T, the combined measure of Glx was used as the best measure for Glutamate.
Subsequently, using the GannetFit function of GANNET, GABA+ and Glx functions were modeled to the data together (see Figure 1D ) and ratio's relative to Creatine (Cr) were calculated (i.e. GABA+/Cr and Glx/Cr). Normalizing values to Creatine has been shown to be superior to normalizing to H2O with regard to intra-subject stability (Bogner et al., 2010; Greenhouse, Noah, Maddock, & Ivry, 2016) and is known to substantially reduce intersubject variance as a result of differences in global signal strength, as well as those stemming from differences in tissue fractions in the scanned voxel (gray matter, white matter, and cerebrospinal). Calculating GABA and Glutamate levels relative to Creatine thus makes coregistration, segmentation and the calculation of CSF corrected values superfluous.
Scans were excluded when no Creatine peak was visible in the data (N=3; corresponding to Creatine Signal to Noise ration (SNR) < 50), model fit turned out to be poor (N=2; GABAGlxModelfiterror > 15), or the GABA+ or Glx peak could not be confidently be determined (N=1; GABA SNR < 3). Furthermore, we used the Statistical Package for the Social Sciences for Mac OS, Version 24 (IBM, Armonk, NY) to identify outliers as a result two GABA+/Cr values in the lDLPFC rest condition (0.359, 0.238) and three in the easy WM condition (0.347, 0.246, 0.201) as extreme outliers. As these outlier values were also much higher than previously reported in the prefrontal cortex (De Bondt et al., 2015; Greenhouse et al., 2016) , these were excluded from further analyses. The remaining GABA+/Cr and Glx/Cr ratios in the OC and lDLPFC voxels fell all in agreement with previous studies that measured similar regions during rest (De Bondt et al., 2015; Edden et al., 2009; Greenhouse et al., 2016; Iwabuchi et al., 2017; Michels et al., 2012; Yoon et al., 2016) .
Visual discrimination task
In the behavioral session only, participants performed a visual discrimination task that was based on the one used by Edden and colleagues (2009) . In this task, subjects were sequentially shown two circles with oblique grating patterns and asked to indicate if the second of the two was rotated clockwise (left mouse button) or counterclockwise (right mouse button) with respect to the first one (see Figure 1E ). The circular gratings (diameter:
Working memory tasks
The primary working memory (WM) task that subjects performed in both the behavioral and MRS session was a letter N-back task (see Figure 1F ). In this WM updating task, subjects are presented with a stream of letters and asked to indicate if the currently presented letter is the same as the one presented N stimuli back. Hereby, N is an integer and the value of N determines the difficulty level of the task. With higher levels of N, more stimuli have to be held in WM in sequential order, increasing WM load. As WM content has to be continuously updated, the letter N-back task is considered to be a demanding WM task. Therefore it is a standard task to investigate WM updating performance (Jaeggi, Buschkuehl, Perrig, & Meier, 2010) and importantly, has consistently been related to processing in the lDLPFC (e.g., see meta-analysis by Owen et al., 2005) .
In our letter N-back task letters (Arial, font size 72, letterset ["A", "B", "C", "D", "E", "F", "G", "H", "J", "K"]) were presented for 300 ms at the center of a screen, followed by a 1500 ms inter-stimulus interval in which a fixation cross was displayed (Arial, font size 20). In the behavioral session, we presented black letters on a white screen, while in the MRS session we showed subjects white letters on a black background because of the dimly lit nature of the scanning room. Of the presented letters, approximately 35% were so-called targets, i.e., the letter in the current trial matched the letter presented N letters back.
Letters could be presented in upper or lower case and would still classify as the same letter (i.e., a target). If presented with a target, subjects were required to press the space bar on the keyboard in front of them in the behavioral session, or one of the buttons on the button-box in the scanner. Runs consisted of a stream of 20 + N stimuli each and were selfpaced in the behavioral session to allow the subject to take small breaks in between and enhance focus during the runs, but they started automatically in the MRI-session to ensure the task was performed for the entire time of the scan.
Subjects performed both a fixed-level and an adaptive version of the letter N-back task in the behavioral and in the MRS session. First of all, in the behavioral session, subjects performed 24 runs of a fixed-level version of the task in which level N sequentially increased from 2 to 5, with steps of 1. We used this version of the task to calculate WM updating accuracy, which was operationalized using A' ( Secondly, in the adaptive version of the task, level of N always started with N = 2 (set as the lowest possible level N) and subsequently adapted to performance by going up one step (current N+1) if subjects made fewer than three errors, and down one step (current N-1) if they may more than five errors (similar to Jaeggi, Buschkuehl, Jonides, & Perrig, 2008) .
The adaptive version of the task in the behavioral session also consisted of 24 runs, of which we calculated average level N over the last 21 runs only (disregarding the first 3 runs to allow each individual some ramp-up time to their average level), to use as our measure for WM updating capacity. Additionally, in the MRS-session, subjects once performed the task with N fixed to level 2 (the easy WM condition) and once with N adapted to performance in the same way as in the behavioral session (the challenging WM condition). Hereby, the amount of runs of the task was determined to ensure it covered the whole MRS-scan. We used Presentation software (Neurobehavioral Systems, Inc.) to administer the letter N-back task.
In the Sternberg task (see Figure 1G ), subjects were presented with a string of five letters that they were required to remember (5000 ms). Consequently, one letter was shown on the screen at a time (1200 ms per letter, 1000 ms fixation cross in between) for which subjects had to indicate whether that letter was in the currently remembered string
(press 'N' key) or not (press 'Z' key). All letters were presented in uppercase and came from a predetermined letterset (["B", "D", "F", "G", "H", "J", "K", "L", "M", "N"], Arial, Fontsize 60). Per run, 10 letters were presented of which 50% was a target. Subjects completed 10 runs of the task. We determined WM maintenance accuracy by calculating the number of correct trials divided over the total. The data of one subject was discarded because of extreme low below chance performance (accuracy = 30% correct).
Specific hypotheses and statistical approach
To investigate whether GABA and Glutamate levels measured with MRS differed between different levels of task demand, repeated measures ANOVA's were run with task demand as the within-subjects factor and GABA+/Cr or Glx/Cr as the dependent variable for the occipital and lDLPFC voxel separately. Additionally, to investigate within-subject stability of MRS measured GABA and Glutamate levels across activity states, after testing for normality, individual Pearson correlations were run between the GABA+/Cr and Glx/Cr levels measured under the different task conditions, again separately for the prefrontal and occipital brain region. Namely, we reasoned that if these neurotransmitter measures reflect stable, traitlike neurotransmitter concentrations, they should correlate across activity states across subjects. Furthermore, we wanted to replicate previous reports of within-subject regional specificity for GABA-levels (Bogner et al., 2010; Greenhouse et al., 2016) , therefore we also correlated occipital and lDLPFC neurotransmitter measures in the resting state.
Depending on the outcomes of our first ANOVA's, we followed one of two approaches. In case of no specific effect of activity state, GABA+/Cr and Glx/Cr concentrations were averaged over all conditions separately for the OC and lDLPFC and these average measures were related to individual task performance; OC: rest and movie, DLPFC: rest, easy (letter 2-back) and challenging (adaptive N-back). In case of systematic differences in MRS measures between activity states, multiple regression analyses including all activity states as predictors were run to determine which activity state best predicted behavioral performance. Analyses were conducted separately for GABA and Glutamate and included the relevant brain area and corresponding task only. In addition, we also ran control analyses in which neurotransmitter concentrations of the task-unrelated brain region were related to the behavioral measures, for which we did not expect to find significant correlations.
To test the hypothesis that not so much GABA and Glutamate individually, but in fact their relative concentrations (i.e. the excitation/inhibition balance) may provide the best predictor of cognitive functioning, for both brain areas we also calculated glutamate/GABA ratio's from our data and investigated the extent to which these ratio's predicted behavioral performance.
The correlation with our behavioral measures were investigated with 2-tailed Pearson correlations. To account for the fact that GABA and the Glutamate/GABA ratio are highly related and investigate a similar research question, we divided alpha over two to determine significant levels and correct for multiple comparisons. 
Resting-state versus on-task occipital and prefrontal GABA and Glutamate levels
To address our first research question, we assessed whether MRS-measured GABA and Glutamate levels differed as a function of task demand (i.e. reflect activity state). To this end, we compared neurotransmitter levels measured in rest with those measured during stimulus-or task-induced activity, separately for the OC and lDLPFC voxels.
In the occipital voxel, we observed no difference in GABA or Glutamate concentrations between the rest and active (movie watching) condition (GABA: (F(1,29) = .904, p = .350, Bf = 0.37) and Glutamate: (F(1,29) < .001 p = .981, Bf = 0.26). Similarly, GABA levels in lDLPFC did not show significant differences between the three activity conditions (Rest; Easy WM and Challenging WM) (F(2,38) = .210, p = .811, Bf = 0.16) and neither did Glutamate (F(2,38) = .210, p = .811, Bf = 0.30). Thus, both in the occipital and in the prefrontal cortex we found no effect of task demand on GABA and Glutamate concentrations. Importantly, in all these cases our Bayesian statistics showed moderate evidence for the null-hypothesis. Together, these findings thus indicate that our MRS measure was insensitive to possible stimulus-or task-induced changes in GABA and Glutamate levels.
Additionally, within subjects GABA levels correlated well between the Rest and Our Bayesian statistics thus indicate strong overall intra-subject stability of GABA levels in the OC, but only anecdotal evidence for intra-subject stability of GABA levels in the lDLPFC. 3) conditions. In this case, our Bayesian statistics produce a similar picture, providing strong evidence for the within-region intra-subject stability of our Glutamate measure in the occipital cortex and anecdotal to moderate evidence for withinregion intra-subject stability of our Glutamate measure in lDLPFC.
Replicating previous findings of regional specificity of neurotransmitter levels (Bogner et al., 2010; Greenhouse et al., 2016) , resting-state GABA levels did not correlate between the OC and lDLPFC voxel (r(26) = -.256, p = .198, Bf = 0.5), nor did Glutamate levels (r(28) = .124, p = .521, Bf = 0.3).
In sum, GABA and Glutamate levels did not systematically change depending on the activity state of the brain region but were relatively stable over the different task demand conditions within subjects. This indicates that although current 3T-MRS neurotransmitter concentrations do not capture possible differences in neurotransmitter activity between activity states (rest versus on-task), they do reliably capture stable trait-like measures of individual neurotransmitter levels in the human brain, especially with regard to GABA and in the occipital cortex. 
Linking occipital and prefrontal GABA and Glutamate to region-related cognitive performance
Our second main aim was to determine, if MRS-measured neurotransmitter concentrations were sensitive to the activity state of the brain region, in which activity state the concentrations would best predict individual differences in behavioral performance.
However, given that there were no significant differences between activity states (on task, rest), we continued by averaging GABA and Glutamate per brain region over the different task demand conditions.
Occipital GABA and Glutamate and visual discrimination performance First, we related occipital GABA and Glutamate levels to visual discrimination performance.
We expected to replicate the negative correlation between resting-state occipital GABA levels and visual discrimination performance previously reported by Edden et al. (2009) However, this correlation would again not survive a multiple comparison correction and moreover was supported with zero to no evidence according to our Bayesian results.
Thus, contrary to our expectations, we conclude that occipital cortex GABA, Glutamate and cortical excitability levels were not related to visual discrimination performance in our study.
Prefrontal GABA and Glutamate and WM performance Next, we examined the relationship between GABA and Glutamate levels in the lDLPFC and behavioral performance on the three WM tasks performed in the separate behavioral session. In line with Yoon et al. (2016) , we predicted that higher lDLPFC GABA levels would predict better WM performance. As Yoon et al. (2016) specifically found a correlation between prefrontal resting-state GABA and performance degradation as a result of increased WM load, but not increased maintenance time or as a function of distractor presence, we furthermore expected that this relation would be specifically apparent for our WM updating capacity measure, as this measure may be the most sensitive to interindividual differences in WM load. We did not expect lDLPFC Glutamate levels to significantly predict WM performance, nor did we expect occipital GABA levels to predict WM performance (both also similar to Yoon et al., 2016) .
In contrast to expectations, but mirroring the OC results, average GABA levels in the lDLPFC did not predict accuracy on the fixed level Letter N-back task (r (29) Even when we reran all analyses, but looked at resting-state only to stay closest to current literature (Yoon et al., 2016) , no significant relationship between neurotransmitter levels or cortical excitability and WM performance was observed for any of our three WM tasks (all p's > .139, all Bf's < 0.7).
We reasoned that perhaps the delay between the behavioral session and the MRS session could have decreased our sensitivity to neurotransmitter concentration and brainbehavior correlations. Therefore, post-hoc, we also explored these correlations with WM performance measured during the MRS scanning procedure. This, however, produced qualitatively the same pattern of null findings: nor GABA, nor Glutamate, nor cortical excitability measured during the Easy WM task could predict simultaneously acquired accuracy scores on this 2-letter N-back task (all p's > .142, Bf's < 0.7). Similarly, neurotransmitter levels acquired during the Challenging WM task did not predict WM updating capacity as measured during scanning either (all p's > .279, Bf < 0.5).
In summary, in contrast to our predictions, the neurotransmitter concentrations we measured in the occipital cortex and the left dorsolateral prefrontal cortex did not correlate with visual discrimination and WM performance, respectively. Thus, while our first set of findings suggested that GABA and Glutamate levels measured with 3T-MRS may reflect relatively stable measures of individual neurotransmitter concentrations, they seem to fail to predict individual differences in behavioral performance on brain region-relevant tasks.
Remarkably, we thus did not replicate previous reports of such relationships, even though our sample size was substantially larger than in both of these studies (30 versus 15 and 23
respectively (Edden et al., 2009; Yoon et al., 2016) ).
Discussion
The current study set out to investigate to what extent 3T-MRS measured GABA and
Glutamate levels capture changes in cognitive activity state, as well as to determine under which activity state (rest vs. on task) these concentrations may best predict behavioral performance. We observed no differences in GABA or Glutamate levels during resting state compared to active, on-task conditions, neither in the primary visual cortex (the occipital cortex) nor in a higher-order prefrontal area (left DLPFC). Importantly, in general, we did observe strong within-subject correlations between the GABA and Glutamate levels for the different conditions within each brain area, showing that the measurements themselves where reliable. Furthermore, in contrast to previous findings, in this study levels of GABA and Glutamate, or their ratio (averaged over activity states), did not predict inter-individual differences in behavioral performance on brain region-related cognitive tasks.
Together, these findings therefore suggest that 3T-MRS may provide relatively stable 'trait'-like measures of GABA and Glutamate at the neurochemical level which are insensitive to subtle functionally-related changes as a function of cortical activation. At the same time, however, they question a robust relation between these trait-like neurotransmitter concentrations and behavioral individual differences in brain regionrelated cognitive performance.
Our finding that current 3T-MRS measures of GABA and Glutamate are insensitive to task demand and reflect stable 'trait' rather than 'state' levels has important implications for the interpretation of previous studies that did observe changes in GABA over relatively short time-windows. More specifically, these studies have consistently reported decreases in GABA concentrations over time; in the sensorimotor cortex after thirty minutes of performance on a motor task (Floyer-Lea et al., 2006) , in the occipital cortex after twenty minutes of performance on a visual perceptual learning task (Shibata et al., 2017) , and in prefrontal regions after forty minutes of performance on working memory task (Michels et al., 2012) . The fact that we did not observe any activity-related changes in GABA in two of these three brain regions suggests that these earlier findings cannot simply be explained by transient modulations in activation because of longer time spent on the task and thus likely reflect learning-related structural changes in GABA activity. Also, indirectly, this implies that 3T-MRS may be a useful method to investigate the role of GABA in such learning-related cortical plasticity, as these changes seem substantial enough to be picked up with this measure.
In both the occipital and prefrontal brain region, GABA and Glutamate levels correlated strongly within subjects between the rest and task activity conditions (except for prefrontal Glutamate in the Challenging WM condition). This indicates that our measures are reliable and relatively stable within subjects. Yet, the obtained correlation coefficients are somewhat lower than previously reported in studies that looked at resting state blocks only (e.g. (Bogner et al., 2010; Greenhouse et al., 2016) ). This could suggest that very subtle differential effects of cognitive activity on GABA and Glutamate across individuals may be picked up by our measure. In line with this, a recent 7T-MRS study did not observe any changes in GABA or glutamate as a function of acute psychosocial stress (Hoetepen et al., 2017) . In this study, GABA and Glutamate levels were significantly correlated over time in the control condition, but were not correlated in the stress condition. These observations support the notion that activity state (in this case, stress) could indeed have very small, differential effects on GABA and glutamate across individuals. Because of these interindividual differences, in current MRS practices, these 'state'-related fluctuations may fail to become visible at the group-level.
Although the measured GABA and Glutamate levels were found to reflect stable, 'trait'-like neurotransmitter concentrations, we observed no relationship between these levels and individual differences in behavioral performance on region-related tasks. More specifically, in contrast to a previous study by Edden et al. (2009) , in our study occipital GABA (both when averaged over conditions and when only looked at rest) did not predict visual discrimination performance. This was unexpected, as we used the same task, observed a similar spread in subject's performance, and included an MRS voxel that covered a highly similar area of the visual cortex as Edden et al. Considering the relatively small sample size of the previous study (N=15) and only moderate sample size of the current study (N=30), future replication studies with larger sample sizes and thus greater statistical power may be necessary to further investigate the possible absence or presence of a relation between occipital GABA and visual discrimination performance. Indeed, our
Bayesian correlation analyses suggested that even with our relatively large sample size, evidence for the null hypothesis of no relationship was only anecdotal.
Mirroring the occipital cortex findings, lateral dorsolateral prefrontal GABA did not predict performance on any of the three WM tasks; measuring WM updating, accuracy, WM capacity as well as WM maintenance. In this case, our Bayesian correlation analyses suggested moderate evidence in our data for the absence of such relationships. Here too,
we thus failed to replicate findings by a previous study (Yoon et al. 2016, N=23) in which resting-state lateral prefrontal GABA levels correlated with individual differences on a face WM maintenance task. More specifically, in this study, Yoon et al. found that prefrontal GABA correlated positively with the extent to which subjects' performance decreased as WM load increased (one versus two to be remembered faces) Yet, no correlations with GABA were found when Yoon and colleagues looked at WM performance differences as a result of increased maintenance time or the absence or presence of distractors, indicating that this relation may hold only for a rather specific aspect of WM. Although the three WM tasks included in the current study are different than the tasks used by Yoon et al., both WM updating and maintenance have been robustly associated with activation of the lDLPFC and may thus be considered region-related WM functions (Altamura et al., 2007; Owen et al., 2005) . As the current study included a larger subject sample (N=30), and applied a more extended range of WM tasks, our null results at the very least suggest that the previously reported relationship between WM performance and GABA concentrations in lDLPFC is not very robust. Furthermore, together with the lack of a neurotransmitter-behavior relation in the occipital cortex, they cast doubt on the claim that with current 3T-MRS practices we can detect relationships between neurotransmitters levels and region-related behavioral performance.
One important direction for future studies may therefore be to examine the role of neurotransmitters in cognitive functions using 7T-instead of 3T-MRS. Although less widely available, 7T has two important advantages over 3T with regard to MRS. Firstly, increased spectral resolution at the 7T-MRS enables better discrimination and quantification of neurotransmitter concentrations of both Glutamate (independent from Glutamine (An et al.
2014)) and GABA (uncontaminated by macromolecules (Ganji et al. 2014) ). Secondly, at higher field strengths, better signal-to-noise ratio's may be obtained (Choi et al., 2010) , which enables the use of smaller sized MRS voxels, thereby increasing sensitivity to study a precise target region.
Namely, an important limitation of current 3T-MRS is the relatively large MRS voxelsize that is necessary to acquire sufficient signal strength. Placing this relatively large voxel common over an actually much smaller region of interest may substantially 'delute' the signal, as small differences in the relevant cortical region (i.e. the desired signal) may drown in a sea of irrelevant fluctuations in the surrounding cortical regions (i.e. noise) that are also included in the voxel and thus together create the average that we measure. In other words, measuring GABA and Glutamate concentrations in a voxel that is much larger than the relevant brain region may substantially reduce the sensitivity of the method to investigate small-scale relevant regional specific neurotransmitter concentrations to relate to behavior. Future studies should therefore investigate if the higher spectral and spatial resolution of 7T-MRS may create a method that is more sensitive to detect changes in neurotransmitter activity induced by task demand, as well as investigate relationships between neurotransmitter function in a specific brain region and related cognitive and behavioral performance.
Another direction which may aid in increasing sensitivity of MRS to detect local neurotransmitter concentrations may be to combine MRS with functional neuroimaging.
More specifically, localizing individual peak activations for the region of interest may significantly help to increase spatial acuity in the placement of the MRS voxel over the relevant area. This may be particularly helpful for higher order cortical areas, including the prefrontal cortex, where variability in functional neuroanatomy is particularly high. For example, peak activations on a WM maintenance task are known to be spread along the middle frontal gyrus across individual subjects (Jansma et al., 2013) , and thus, a one-fits-all approach here may be less effective. The (relatively large) voxel used in the current study ensures peak activation was covered for all subjects, but conceivably also included surrounding cortical regions not engaged by our tasks. Eventually, therefore, smaller voxels such as may be enabled by higher magnetic field strengths, that are placed individually after functional localization, may enhance spatial acuity substantially and thereby result in higher sensitivity and more accurate measures of neurotransmitter concentrations for a specific functional region of interest.
A last explanation for the lack of brain-behavior correlations in the current study is that the hypothesized relation between neurotransmitter levels and functional performance is actually more complex than the standard simple linear correlation we generally apply to investigate such inter-individual correlations. In fact, with regard to the excitation/inhibition balance, it has been proposed that an inverted U-curve may best describe the relation with performance, with performance being highest when the cortex is active enough for functional firing to effectively take place, but at the same time inhibited enough to reduce noise and unwanted firing (Krause & Cohen Kadosh, 2014) . However, to adequately investigate this, many more data points are needed than are currently generally available in neuroimaging studies. This, again, calls for the use of larger sample sizes in studies that attempt to link neurotransmitter levels to behavior.
Conclusion
To conclude, the current study found that 3T-MRS measures of GABA and Glutamate generally reflect stable and reliable 'trait'-like neurotransmitter levels and do not capture task demand-induced changes. However, in contrast to previous findings, we did not observe correlations of neurotransmitter concentrations with behavioral performance on region-related tasks. This questions to what extent GABA and Glutamate concentrations measured with current 3T-MRS practices reflect neurotransmitter activity that is relevant for behavior. The use of higher magnetic field strengths (e.g., 7T), and/or individually localized voxel placement in future studies may improve the sensitivity to subtle taskinduced changes in GABA and Glutamate levels, allowing further investigation of in-vivo measured neurotransmitter levels in the human brain as well as their relationship with behavior.
